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http://dx.doi.org/10.1016/j.stem.2014.02.011Intestinal homeostasis is dependent upon stem cells that reside in the intestinal crypt, although the identity
and dynamics of this population are unclear. Ritsma et al. (2014) recently reported temporal live imaging of
mouse intestinal stem cells and their progeny, providing insights into spatial dynamics underlying stem cell
behavior.The intestine is characterized by rapid
turnover of mature cells. Recent studies
have suggested that at least two pheno-
typically distinct stem cell populations
contribute to homeostasis and mainte-
nance of the intestinal epithelium: (1) crypt
base columnar cells (CBCs) located
around the base of the intestinal crypt
and (2) quiescent stem cells located at
about position +4 from the base of the
crypt. As stem cells divide, their progeny
are displaced from the crypt toward the
villus (Figure 1), and this process is asso-
ciated with transit amplification, fate
commitment, and differentiation into
multiple specialized cell types. A major
unanswered question in intestinal
stem cell biology is whether individual
crypt stem cells share identical pro-
perties and potential, which might be
obscured by the display of discrete
behaviors, thus leading to their classifica-
tion as distinct stem cell subpopula-
tions, or whether there is a hierarchical
relationship between them that might
delimit their functionality.
To address some of these questions,
Ritsma and colleagues (Ritsma et al.,
2014) took on the challenge of followingintestinal stem cells and their progeny
directly in the living mouse over extended
periods of time. They first addressed the
significant technical challenges associ-
ated with such an approach, including
placement of a viewing window in soft
tissue to allow repeated sessions of
live imaging without losing track of cell
position over time, and preventing the an-
imals from dislodging the imaging win-
dow. Although imaging windows have
been described previously for intravital
microscopy, the anatomical disposition
of the intestine required surgical
implantation of a modified abdominal
imaging window (Ritsma et al., 2013).
Remarkably, by using stereotyped pat-
terns of genetically labeled cells in the
crypts, as well as unique landmarks of
the adjacent vasculature, it was possible
to repeatedly home into previously
imaged crypts at regular time intervals.
Similar intravital imaging was done
for stem cell populations within hair
follicles in the mouse ear (Rompolas
et al., 2012).
Clonal cell tracking in the crypt
is achievable using the multicolor
R26RConfetti floxed mouse that can beconditionally activated with a tamoxifen-
inducible CreERT2 recombinase (Snippert
et al., 2010). Ritsma and colleagues used
Lgr5EGFP-IRES-CreERT2 mice to induce
recombination specifically in undifferenti-
ated crypt stem cells, generating CBCs
labeled with one of four different fluores-
cent reporters. Using this system, the
authors tracked 80 CBCs at timed inter-
vals over a 5 day period. This data set
revealed a wide range of cell behaviors
including variance in clone size and
displacement of cells from the crypt
compartment. Notably, only 1 of 28
clones examined contained a single cell
after 2 days. The authors suggest that
these might be fated to the lineage-
committed quiescent +4 position and
did not pursue this class of clone further.
Clones were then classified, relative to
their position to the base of the crypt,
as either central (from row 0 to +2) or
border (from +3 to +4; Figure 1). Interest-
ingly, clones initiating from central cells
tended to be larger than those origi-
nating at the border, suggesting that
daughters of central cells might displace
border cells out of the niche into the
transit-amplifying population.14, March 6, 2014 ª2014 Elsevier Inc. 271
Figure 1. Scheme Describing Progressive Behavior of Stem Cells in
the Intestinal Crypt
Cells at different positions in the crypt with apparently different properties can
act as stemcells. Differentiating cellsmove upward from the crypt and are shed
from the villus daily. Differentiated paneth cells are intercalated between the
stem cells, and they are critical for stem cell maintenance. After genetic recom-
bination of Lgr5EGFP-IRES-CreERT2::R26RConfetti floxed mice, z stacks were ob-
tainedby repeated two-photon live imaging over 5 days to evaluate the position
of stem cells and their progeny (Ritsma et al., 2014). Loss of stem cells from
the niche can occur by cell displacement into the transit amplifying zone.
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formed two-photon imaging
every 2 hr over a 14 hr period
and found that crypt re-
organization as a result of
proliferation led to displace-
ment of neighboring cells.
Specifically, border cells
were more susceptible to
passive displacement, sug-
gesting that being centrally
located might provide an
advantage for long-term self-
renewal. This is in contrast to
previous studies that led to a
neutral drift dynamics model,
in which stem cells were
suggested to contribute clon-
ally to the entire lineage by
displacement of daughter
cells from the niche through
neutral competition. The
stem cells were considered
to be functionally equipotent,
and over time, neutral drift
within the crypt would result
in labeled crypts drifting
toward monoclonality (Barker
et al., 2012; Snippert et al.,
2010).
Therefore, the authors
developed a modified bio-
physical model to account
for the observed cell dis-
placements. Here, five pos-sible fates of stem cell progeny were
considered, and based upon observed
clone sizes and estimated cell prolifera-
tion rates the authors found that this
model could accurately predict clone
size distribution and cell displace-
ments between the central and border
domains. Importantly, this analysis
was consistent with previous observa-
tions, including predictions of crypt
monoclonality over extended periods
(Barker et al., 2012; Snippert et al.,
2010). To test their model, the authors
ablated CBCs by exposure to diphtheria
toxin using the previously described
Lgr5DTR:GFP mouse (Tian et al., 2011). In
this scenario, CBCs are eliminated by
the toxin and the CBC compartment is
replenished by surviving Lgr5 transit-
amplifying cells (Ritsma et al., 2014).
Although technical challenges precluded
obtaining dynamic imaging data, static
imaging showed that cell replacement
occurred sporadically. Clones appeared272 Cell Stem Cell 14, March 6, 2014 ª2014in clusters at the crypt base, suggesting
random displacement and clonal expan-
sion of transit amplifying cells into the
border and central zones, in a manner
consistent with the proposed biophysical
model.
Live imaging in the crypt has pushed
the frontier another step forward by
allowing temporal documentation of
stem cell dynamics and position, yet
understandably, technical challenges
impose limitations on the conclusions
that could be reached. For example, there
is a lack of certainty regarding stemness
of cells located in the +3/+4 position in
the present study. Considering recent
findings that border (+4) cells have stem
cell properties and can replenish the niche
and entire villus (Buczacki et al., 2013;
Kozar et al., 2013; Takeda et al., 2011;
Tian et al., 2011), it is important to under-
stand whether border cells generated
from central cells can repopulate the cen-
tral position in the crypt, whether theyElsevier Inc.remain anchored at the +4
position, or if they progress
into the transit-amplifying
pool and exit from the crypt
base. Furthermore, a recent
study correlated mutation
rates that affect expression
of a reporter gene with cell
turnover in the crypt in an un-
biased manner (Kozar et al.,
2013) and suggested that
about half of the crypt stem
cells (5–7/crypt) were func-
tional. This view is coherent
with the notion that long-
term self-renewal and stem
cell functionality are associ-
ated with proximity to the
central position in the crypt
base.
The findings of Ritsma and
colleagues are in accord
with live-imaging studies of
stem cells in the hair follicle,
where stem cell functionality
was linked to their spatial
relationship with mesen-
chymal cells in the niche
(Rompolas et al., 2012).
The findings of Ritsma and
colleagues, namely that
‘‘although all stem cells might
be equal, some appear to be
more equal (functional) than
others’’ depending on theiraccess to a privileged position in the
niche, may thus be more broadly appli-
cable to the study of adult stem cells.
Decoding the remaining secrets of the
stem cell dance in the crypt will require
some more patience—and guts.ACKNOWLEDGMENTS
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Two recent papers in Nature describe a remarkable new technique for reprogramming somatic cells back to
the embryonic state. Obokata et al. (2014a, 2014b) show that applying stressful stimuli can convert mature
cells into progenitors capable of generating all three embryonic germ layer lineages, as well as placental
tissue.Until 1996, it was widely considered that
the classic cloning experiments of Gurdon
in amphibians could not be accomplished
in mammals. The birth of Dolly the Sheep
(Campbell et al., 1996) abruptly changed
these views. After Dolly, it was clear that
adult mammalian cell nuclei could indeed
undergo the dramatic epigenetic reprog-
ramming required to reset their develop-
mental clock back to the embryonic state,
but many imagined that this complex pro-
cess required the action of hundreds of
unknown regulatory molecules present
in the egg (Surani, 2012). Then Shinya
Yamanaka showed that cellular reprog-
ramming could be achieved by transduc-
tion of a few master regulatory transcrip-
tion factors (Takahashi and Yamanaka,
2006).
Now, two new studies by Obokata et al.
(2014a, 2014b) reveal an even simpler and
more efficient route to somatic cell re-
programming. The authors demonstrate
that transient immersion of cells from a
range of mature tissues in a mildly acidic
solution, or exposure to certain other
forms of stress, converts them to a plurip-
otent cell type called a STAP cell. By
tracking the generation of STAP cells
from CD45+ hematopoietic cells by using
a Pou5F1 reporter cell line, the authorsshowed that STAP cells arise through re-
programming rather than the selection of
a rare cell type present in the starting pop-
ulation to begin with. Although STAP cells
are unable to undergo significant replica-
tion, they display gene-expression pat-
terns similar to embryonic cells and can
participate in chimera formation when
injected into mice. Remarkably, STAP
cells even contributed to the germline of
chimeric mice. STAP cells can be further
converted in vitro into cells closely resem-
bling embryonic stem cells. Interestingly,
this conversion did not occur under con-
ventional culture conditions for mouse
embryonic stem cells, but required culti-
vation in the presence of ACTH, shown
previously to be an alternative factor
for stem cell maintenance (Ogawa et al.,
2004). When grown under conditions
that support trophectoderm growth,
STAP cells gave rise to a new cell type,
similar to previously described tropho-
blast stem cells, but having the unique
property of being convertible to an embry-
onic stem cell-like state (Obokata et al.,
2014a).
The main claims of these two studies
are supported by an impressive array of
rigorous experimentation, carried out by
some of the world’s leading experts inpluripotency, but they have nevertheless
been received with a healthy degree
of skepticism. Because the experimental
manipulations involved appear to be
relatively simple, and many labora-
tories are actively geared up to study
cellular reprogramming, we will know
soon enough whether these striking
results are reproducible in the mouse
and whether they can be extended to
adult cells and to cells from other spe-
cies, including humans. Concerns over
possible image duplication have cast
something of a shadow over the new
studies, but at present the validity of their
conclusions is not in doubt.
Assuming that these findings are
robust, they raise some wide-ranging
questions about the stability of the differ-
entiated state (Bonfanti et al., 2012). Re-
programming a cell by propagating it in
the unnatural environment of cell culture
and subjecting it to a blast of powerful
exogenous transcriptional regulators is
one thing, but a brief exposure to mildly
acidic conditions is another. Cells in the
body often encounter stresses similar to
those used in STAP induction, but they
nevertheless remained locked into spe-
cific committed or differentiated states
by powerful epigenetic restraints on14, March 6, 2014 ª2014 Elsevier Inc. 273
